High velocity oxygen fuel thermal spray has been widely used to deposit hard composite materials such as WC-Co powders for wear-resistant applications. Unlike gas atomized spherical powders, WC-CO powders form a more complex geometry. The knowledge gained from the existing spherical powders on process control and optimization may not be directly applicable to WC-Co coatings. This paper is the first to directly examine nonspherical particle in-flight dynamics and the impingement process on substrate using computational methods. Two sets of computational models are developed. First, the in-flight particles are simulated in the CFD-based combusting gas flow. The particle information prior to impact is extracted from the CFD results and implemented in a FEA model to dynamically track the impingement of particles on substrate. The morphology of particles is examined extensively including both spherical and nonspherical powders to establish the critical particle impact parameters needed for adequate bonding.
Introduction
High velocity oxygen fuel (HVOF) thermal spraying has been applied successfully in producing coatings with higher density, superior bond strengths, and less decarburization due to its unique output of high particle velocities and relatively low particle temperatures. In the HVOF process, oxygen and fuel are mixed and burnt in a combustion chamber at high flow rates (up to 1000 L/min) and pressures (up to 12 bar) in order to produce a hot high-speed gas jet. Powder particles, normally in the size range 5-65 lm, are injected into the gas jet where they are heated and accelerated toward the substrate. On impact the particles form lenticular splats, which adhere well to the substrate and to one another. The HVOF gun is scanned cross the substrate to build up the required coating thickness in a number of passes.
Computational fluid dynamic (CFD) models have been developed to study the in-flight particle behavior during thermal spraying and the Euler-Lagrange approach has long been used for the modeling of spherical particle-gas interaction in various HVOF thermal spray systems, and the progress of particle modeling can be found in . The most relevant work for WC-Co particle dynamics has been carried out by Li and coworkers who examined the in-flight particle behavior in a gas fuelled Diamond Jet hybrid HVOF system.
Powder morphology varies according to the technology of powder production. Hardmetals such as WC-Co powders are made from mechanical milling and are not normally spherical. As a class of hard composite materials of great technological importance, WC-Co powder cemented carbides are widely used for protective coatings in a large variety of applications such as mining, turning, cutting, and milling, where abrasion, erosion, and other forms of wear exist (Ref 7, 13) . There is a lack of good understanding of the effect of powder morphology on particle dynamics and subsequent influence on the quality of coating.
The impingement and deformation of thermally sprayed particles has been investigated in 2D and 3D using CFD (Ref [14] [15] [16] and FEA (Ref 17) methods. These studies all focus on the deformation of spherical particles. The purpose of this paper is to study the nonspherical powder spray from HVOF guns. It composes of two parts of modeling work. First, a CFD model is developed to examine the motion and heat transfer history of the in-flight particles and their reaction to particle parameters such as size and shape. The simulation results show that the particles are mainly in solid state prior to impact for a typical stand-off distance of 0.32 m. Based on the input data from the CFD model, a particle impingement model is developed using finite element analysis (FEA) method. The FEA model is used to examine the bonding mechanism between particle and substrate and to establish the critical impact parameters for high quality coating.
Model Development

CFD Model
A schematic representation of the HVOF gun is shown in Fig. 1 . The mixture of fuel and oxygen stream is injected into a water-cooled combustion chamber, where the gases burn and the combustion products are accelerated down the convergent divergent nozzle and long parallel-sized barrel. Powder particles are injected into the barrel through two holes that have a tapered angle located in front of the barrel. The particle laden by the gas mixture exits the gun at a high temperature and a high velocity toward the substrate to be coated.
Full 3D simulations are performed in the commercially available finite volume CFD code Fluent 6.3. The computational geometry for the gun and external domain is shown in Fig. 2 . Details of the grid structure and boundary conditions have been described in and hence only a brief description is given below. A structured grid is used and fine meshes are employed to sensitive areas such as nozzle entrance/exit, barrel exit, and free-jet centerline where high gradients are expected so that great accuracy is required in order to capture the compressibility effects, and a second-order discretization scheme is applied to model the steady state continuum. Kerosene is the most widely used fuel for HVOF thermal spraying and is selected for the current gas flow simulation. The modeling of turbulent and chemical reaction flow has been described in Ref 18 and will not be repeated here. The process parameters employed in numerical simulations are 3.51 g/s for kerosene and 12.9 g/s for oxygen. The computation of particle dynamics is achieved by coupling with the Eulerian gas flow. The popular hard materials WC-Co powders are selected in this study with thermophysical properties shown in Table 1 . The powder feeding rate is 100 g/min.
The WC-Co composite particle is considered as a single entity, with a single set of physical properties. In practice, the Co is heated and melted, and then cooled and solidified, which binds the WC onto the substrate. However, temperatures in HVOF thermal spraying are not high enough to melt the tungsten carbide, and therefore the melting point for the primary material, cobalt, is applied in modeling particle heating for both the CFD analysis and the FEA analysis, which is outlined below.
FEA Model
The solid impact dynamics are analysed by using the finite element commercial solver ABAQUS/Explicit. The model developed has been detailed in Ref 16 , and only a brief description is given here. The impingement process of solid particle on substrate is constructed in a 3D domain shown in Fig. 3 . The substrate dimension is given to be five times larger than the particle diameter to avoid possible effects on the particle-substrate deforming zones from the boundary nodes. The substrate bottom face is constrained in all directions, while the other faces are set as free. Reports on grid sensitivity have shown that the mesh size can play a dominant role on the material heating and consequently to shear flow localization (Ref 22) . For this reason, very fine meshes are employed for both particle and substrate. For instance, 40 lm spherical particle had a mesh size of 0.5 lm corresponding to approximately 700,000 4-node linear tetrahedron elements. The velocity and temperature of spray particles prior to impact on the substrate are taken from the CFD in-flight particle model according to the particle size and shape. The monitor node is selected on the surface of the impacting particle at a location which intensive plastic deformation is expected.
Results and Discussions
A selection of particle geometries are used in this study as shown in Table 2 . A shape factor (SF) is used to describe the degree of sphericity. SF is the ratio of the actual surface area of the nonspherical particle to the surface area of the sphere of the same volume as the nonspherical particle. Hence, a circle has a SF of 1, and the SF decreases as the corner of object become sharper.
In-Flight Particle Dynamics
Particle Morphology Influence on Trajectory.
The results in Fig. 4 illustrate the particle trajectories during the simulated spray process. The particles are injected into the HVOF gun radially by a carrier gas and join the high-speed gas jet, which travels in an axial direction. In general, smaller particles are easily carried away by the gas flow and their motion in radial direction is less pronounced. Whereas large particles have greater inertia and therefore maintain their motion in a radial direction, traveling substantial distances across the center of the gun. However, the extent of spreading for nonspherical particles is reduced substantially. The drag exerted on nonspherical particles from the axial gas flow is larger than spherical particles. Therefore, the nonspherical particles have high axial velocity, less dwell (in-flight) time, and reduced traveling distance in radial direction.
3.1.2 Particle Morphology Influence on Velocity. Figure 5 reveals that the increase of sharpness from SF 1 to 0.8 increases the velocity profile for the same size 60 lm particles due to an increased drag force. The drag coefficient varies with respect to the SF, and the equations can be found in Ref 23 which also gives a detailed discussion on the influence of SF on the particle drag force. A brief explanation for the increased drag force for nonspherical particles is given here. The change in friction drag is likely to be limited compared to the change in pressure drag. The increase of negative pressure gradient on a nonspherical particle surface is related to the early boundary layer separation of the flow from the objectÕs surface. The more aerodynamic and smooth surface of a spherical particle allows for a boundary layer to remain attached on the surface for longer, which reduces the negative pressure gradient. The higher drag force for the nonspherical particles enables the carrier gas to accelerate the particles to a higher velocity. Such correlation between sphericity and drag force for the in-flight particle dynamics has been confirmed with experimental observation in Ref 24.
The velocity profiles for different size particles are shown in Fig. 6 . The results clearly demonstrate that the smaller particles are accelerated more throughout the computational domain. When the particle velocity is higher than the gas velocity, as the gas jet decays outside the gun, the drag force on the particle then changes direction and becomes a resistance to the particle motion. The velocity of the particle is then decreased. The smaller the particle size, the more easily it is to be accelerated and decelerated. A larger particle, on the other hand, is more difficult to be accelerated and has greater ability to maintain its velocity during the deceleration stage, because of its larger inertia. The velocity dependence on particle size is more clearly demonstrated in Fig. 7 which shows the correlation between particle impact velocity and particle size.
By comparing the velocities of 5 and 60 lm particles at SF 1 and 0.8 in Fig. 6 , it is clear that the improvement of velocity profiles is more substantial for large nonspherical particles. It is known that the drag force is positively related to the ratio of particle volume to projected area where the drag force acts on. The larger the particle, the higher the ratio is, therefore more drag force is found for large particles. This combination of high drag coefficient for nonspherical particles and increased particle volume-to-project area ratio for large particle acts favorably to increase the velocity profiles of large nonspherical particles. 3.1.3 Particle Morphology Influence on Temperature. The temperature profiles for different shape 60 lm particles are illustrated in Fig. 8 . The decline of temperature is evident as the sharpness of the particle increases. It is known that the temperature of the particle is directly related to the dwell time which allows the particle to be heated by the hot gas flow during the in-flight period. The increase of velocity for nonspherical powder as shown in Fig. 5 reduces the dwell time of nonspherical particles, results in the lower temperature profiles.
The temperature evolutions of different-sized particles are shown in Fig. 9 . A quantitative display of particle impact temperature is shown in Fig. 10 . The results show that the temperature of the particle increases sharply in the gun before stabilizing, and smaller particles are heated more rapidly than larger particles. Subsequently, as cold air penetrates deeply into the gas jet, the particle temperature starts to decline due to the rapid decrease of gas flow temperature. It is seen from Fig. 9 that only particles smaller than 5 lm in diameter undergo melting and solidification, implying that most WC-Co powder particles sprayed with the liquid fuelled HVOF system never reach the molten state. The temperature evolution of 5 lm particles shows that the rapid heating of particles comes to a stop when the particle surface temperature reaches the solidus temperature at 1580 K. The surface temperature increases slowly as the solidus isothermal surface moves toward the center of the particle, and the particle never reaches the fully liquid state since its surface temperature does not rise quickly enough to reach the limit value. Prior to impact the particle surface reaches the solidus temperature again, the particle becomes solid instantaneously and its temperature declines further. Therefore, it is clear that the HVOF thermally sprayed WC-Co powder is mainly in solid state before impact on the substrate. By comparing the temperatures of 5 and 60 lm particles at SF 1 and 0.8 in Fig. 9 , it is apparent that the reduction in temperature is more substantial for highly nonspherical particles, due to their greater improved velocities and less dwell time inside the hot gas flow. The in-flight particle results show that nonspherical particles reach higher average velocities than the spherical powder at the same operation parameters due to higher drag coefficient for nonspherical particles. It is believed that the kinetic energy prior to impact is a key factor for strong adhesion. Purely based on the value of impact velocity, the nonspherical powder should have generated better coating from HVOF process. In fact particle morphology also influences the deformation rates during particle impingement. To examine such effect, the impingements from four 40 lm particles with different morphology are compared in Fig. 11 . The particles are given the same impact parameters, i.e., velocity of 420 m/s and temperature of 750 K. The results show that all the particles create a crater on the substrate. The interfacial region between the particle and substrate has lower temperature as the SF of particle decreases. The resistance to the temperature build-up in the interfacial region is caused by the lower levels of plastic deformation at low SF. The decreased plastic deformation is attributed to the increased contacting area between the nonspherical particles and the substrate at impact which subsequently reduces flow stress concentration compared to the sphere particle. The results demonstrate that higher impact velocities are required for highly nonspherical particles such as SF 0.8 to achieve particle melting at the interfacial region which enables the formation of bonding required for mechanical interlocking of the particle-substrate. For more quantitative comparison, a point in the maximum deformation area for each particle is selected as illustrated in the black circles in Fig. 11 . The temperature developments during the course of impingement at those points are plotted in Fig. 12 . It is apparent that the temperatures increase during the impingement, which results in more strain and deformation. The most substantial rise of temperature occurs at the initial stage of impingement (0-30 ns) where the kinetic energy is at the highest level. The temperature increase becomes steady between 30 and 80 ns. From then, a slightly more pronounced temperature rise is visible particularly for the spherical particle. This is due to the temperature-related softening effects in the particle. The curved surface of the spherical particle permits the kinetic energy to flow from the nearby nodes to the critical point and increase its internal energy. Such a temperature increase is less noticeable as the particle becomes less spherical, where the bumpy surface prohibits the inflow kinetic energy from the nearby nodes. The microstructure analysis of thermally sprayed coating (Ref 12) confirms the simulation results that spherical powder gives denser coating whereas the milled nonspherical powder does not exhibit the same extent of deformation and create more porous coatings.
3.2.2 Effect of Particle Orientation. The gas flow in HVOF spray processes are characterized by very high turbulence intensities, particularly in the supersonic jet region where the hot combusting gases are mixed with the ambient air. The velocity fluctuations in three-dimensional form have a direct influence on the motion of powder particles. In the case of nonspherical powder, the particles are more sensitive to flow fluctuations, therefore the particle orientation at the impact moment can be different for similar particles at the same operation conditions. It is interesting to know to what extent this impact orientation affects the bonding strength. Figure 13 shows the temperature contours of deformed particles having a SF of 0.8 for two different impingement orientations. The particle is impacting with a velocity of 420 m/s and a temperature of 750 K. The temperature distributions over the interfacial regions clearly show a temperature rise, which corresponds to high deformation when the contact area between the particle and substrate is decreased. The substantial influence of particle orientation at the impact implies another possible means to improve the deposition efficiency of coating by maneuvring the nonspherical particles into a desirable orientation.
3.2.3 Critical Impact Conditions. The above analysis is based on 40 lm particle size. In reality, thermally sprayed powder is produced with a size distribution. It is necessary to know the critical impact velocities and temperatures for Journal of Thermal Spray Technology particle impact velocities and temperatures obtained from the CFD models for in-flight particle dynamics. For the particles located above the lines, the impact temperature and velocity are adequate to ensure adequate bonding with the substrate. For the range of particles used, only powder sizes smaller than 40 lm have enough kinetic and thermal energy to result in successful bonding. To address the nonspherical particle deposition efficiency, Fig. 15 shows the critical velocity profiles for different 40 lm particles. The color dots are the results taken from an in-flight particle simulation for HVOF process. When the SF is reduced from 1 to 0.9, the increase in particle impact velocity gives a marginal improvement in bonding strength. However, for the particle with SF 0.8, the increased momentum output is not sufficient to overcome the lower plastic strain of the powder and generate deformation required for adequate bonding. When the particle size is reduced as shown in Fig. 16 for 20 lm particles, the HVOF gun generates a very good momentum output for all the particles to exceed the critical impact parameters.
Conclusions
Computational models are developed to examine thermally sprayed nonspherical particles. The CFD method is employed for the in-flight particle dynamics while FEA approach is used for solid particle impact on substrates. A summary of conclusions are as follows:
Nonspherical particles are accelerated to higher velocities with lower temperatures than spherical powders during HVOF coating.
Nonspherical particles require more kinetic energy for good adhesion on the substrate. A 40 lm particle with SF < 0.8 sprayed by the HVOF gun is not able to adequately bond with the substrate.
The orientation of nonspherical particles at impact affects the plastic deformation rate in the interfacial region and consequently the bond strength, which gives more complexity for spraying nonspherical powder.
